than 50 % of the estimated total variability. Concerning the cyclone characteristics, long travelling tracks are associated to a greatest IV. Within the latter cyclone category, the fast moving cyclones seems to exhibit also larger IV values. A secondary IV maximum is observed for static cyclones with short travelling distances (thermal lows) during the warm season.
Introduction
Regional Climate Models (RCMs) constitute an attractive approach to provide high-resolution climate simulations at an affordable computational cost. RCMs are powerful tools to simulate and understand climate phenomena at fine scales, which cannot be resolved by a General Circulation Model (GCMs). Recently, several coordinated efforts in an international context have emerged to improve the regional climate modelling and understanding, as well as to provide regional climate information to users. In particular, the World Climate Research Program (WCRP) has launched the Coordinated Regional Climate Downscaling Experiment (CORDEX) programme, aimed at producing an ensemble of dynamical and statistical downscaling simulations, considering multiple large-scale forcings and several spatial domains over the world (Giorgi et al. 2009; Nikulin et al. 2012; Jacob et al. 2013; Ruti et al. 2015) .
When analysing climate variability and change on a modelling-based approach (either regional or global), several sources of uncertainty should be considered. These uncertainties arise from the model formulation (dynamics and choice of physical parameterizations), its forcings Abstract Regional climate models (RCMs) constitute a powerful tool to study and understand climate variability and change at local scales. Nevertheless, to correctly interpret regional climate simulations, a number of uncertainties need to be considered. In this study, we investigate the so-called Internal Variability (IV) of an RCM. The IV can be defined as the degree of irreproducibility in an RCM solution observed when it is conducted by the same lateral boundary conditions (LBCs) but initialised from different initial states. The main goal of this work is to investigate how the IV affects the cyclone tracks simulated by an RCM over a Mediterranean domain. For standard variables such as sea level pressure, 2 m temperature and precipitation, our results over the Mediterranean region are consistent with studies conducted over other geographical domains: the IV is stronger at the easternmost part of the domain, where the control exerted by the LBCs is weaker; the IV shows a strong seasonal dependence, reaching larger values in summer than in winter. We show here that the IV values associated with the density of cyclone tracks are much stronger than for the other documented variables, reaching more (surface and Lateral Boundary Conditions (LBCs), Greenhouse Gases (GHGs) and aerosol concentrations); and also from the intrinsic chaotic behaviour of climate. Some studies have shown that RCMs forced by identical LBCs but initialized from different initial conditions can diverge towards different solutions. This degree of irreproducibility in the RCM solution is often called the internal variability (IV hereinafter) of an RCM. The IV has been intensively studied over the North America domain (Caya and Biner 2004; de Elia et al. 2007; Alexandru et al. 2007; LucasPicher et al. 2008a, b; Separovic et al. 2008 and Laprise et al. 2008) ; but also over the Arctic region (Rinke et al. 2004; Zahn et al. 2008; Cretat et al. 2011; Nikiema and Laprise 2011a, b) , West Africa (Vanvyve et al. 2008) , South Africa (Kgatuke et al. 2008) , Eastern Asia (Giorgi and Bi 2000) , Europe (Vannitsem and Chomé 2005) and Mediterranean region (Christensen et al. 2001) . All these studies agree on the IV dependence on the strength of the lateral boundary forcing. A weak LBC control generally allows the RCM to have more degrees of freedom to generate its proper solution, and to diverge from the driving conditions. For example, when a large cyclonic anomaly is located inside the RCM domain, the large-scale atmospheric circulation is mainly parallel to the LBCs. Consequently, the RCM is less influenced by its LBCs and the IV becomes stronger. This large-scale atmospheric situation is often found over the Arctic, where the Polar vortex reduces the flow of new information in the RCM domain, leading to larger IV (Rinke and Dethloff 2000; Zahn et al. 2008) .
Following this idea, the LBCs strength, and hence the IV, depend on various factors: the geographical location of the domain (IV can be larger over the tropical regions where the lateral boundary forcing is weaker, Kgatuke et al. 2008; Vanvyve et al. 2008) ; the size of the domain (IV increases with the domain size, Vannitsem and Chomé 2005) ; and the distance from the western boundaries at mid-latitudes (Lucas-Picher et al. 2008a, b) . Concerning the seasonality, the IV presents larger amplitudes in summer in the Northern Hemisphere, due to stronger local processes (such as convection), combined with weaker LBC control (Caya and Biner 2004; Alexandru et al. 2007; Lucas-Picher et al. 2008a, b) . The variable the most affected by IV in RCMs is the precipitation, rather than temperature or large-scale variables such as sea level pressure, since precipitation is associated with convective scale processes (Crétat et al. 2011) . All the mentioned studies reveal that, in regional modelling, it is highly advisable to adopt a probabilistic approach (ensemble) to take into account IV effects, in particular when the focus is weather processes or case-study analysis.
In this context, very few studies have addressed the IV problem over the Mediterranean region and, to our knowledge, none of them on the widely-used Med-CORDEX domain (Ruti et al. 2015) . The first study on the IV over the Mediterranean region was carried out by Christensen et al. 2001 . They computed the IV from a 6-member ensemble for the year 1982 as an uncertainty estimate, to address the statistical significance of the model differences with respect to observations. Herrmann et al. (2011) evaluated the ability of an RCM to simulate the temporal chronology of the daily surface winds over the Mediterranean Sea. They showed that the temporal correlation between the RCM winds and the observations decreases eastwards, away from the forcing exerted by the North Atlantic atmospheric flow. Even if their study is only based on one simulation, the documented behaviour is likely indicative of the presence of IV.
Motivated by these arguments, the aim of this work is to explore in more details the IV over the Mediterranean region. Besides the variables the most frequently investigated in IV studies (temperature, precipitation, surface pressure), the novelty of this work is the analysis of the IV effects on the Mediterranean cyclones. Indeed, the Mediterranean region is characterized by a high cyclone activity (Neu et al. 2012) . Due to strong thermal contrast between the continental and oceanic areas, atmospheric instabilities frequently generate thermal lows (stationary cyclones), specially in summer (Gaertner et al. 1993; Maheras et al. 2001) . These shallow lows are strongly linked to mesoscale convective processes and inside the RCM domain, they can likely be affected by the IV. On the other hand, the Mediterranean cyclones play an important role on the climate variability in the region (Trigo et al. 2000; Lionello et al. 2006; Gaertner et al. 2007; Walsh et al. 2014) . They are also responsible for the occurrence of rainfall and wind extremes in the Mediterranean (Jansà et al. 2001; Nissen et al. 2010; Raveh-Rubin and Wernli 2015) . Recently, Flaounas et al. (2013) investigated the added value of an RCM in simulating the Mediterranean cyclones.
To better illustrate the context of this work, Fig. 1 shows the tracks for the Medicane event that occurred between the 13th and 16th December 2005, determined from ERAInterim reanalysis (Dee et al. 2011) and some members of an ensemble of 10 members performed with the ALADIN regional climate model. As shown in Fig. 1 , even if they are driven by the same LBCs, only 4 members out of 10 are able to capture a cyclone event at the same location and time as the real Medicane, and the cyclone tracks and characteristics (not shown) are very different from one member to another.
The main scientific questions addressed in this work are the following:
• How does the IV affect standard variables such as sea level pressure, 2 m temperature and precipitation in the Mediterranean region? Are these impacts consist-ent with the IV characteristics documented in previous studies over other geographical domains? • How does the IV affect the different Mediterranean cyclones populations (thermal lows, fast moving cyclones)?
This paper is organized as follows: The ALADIN regional climate model is briefly described in Sect. 2, together with the experimental set-up adopted to conduct the simulations. A description of the tracking algorithm to identify Mediterranean cyclones is also provided. Section 3 presents a validation of ALADIN in simulating the Mediterranean cyclones. Section 4 is devoted to the general analysis of the IV, including Mediterranean cyclones. Finally, the summary and conclusions are presented in Sect. 5.
Description of model, experiments and methodology

Description of the RCM ALADIN-climate
In this study the regional climate model ALADIN version 5.2 (Aire Limitée Adaptation dynamique Développement InterNational) is used in an atmospheric forced configuration over the Med-CORDEX spatial domain (Ruti et al. 2015, www.medcordex.eu) . For this configuration, ALA-DIN operates on a Lambert conformal projection for panMediterranean area at the horizontal resolution of 50 km centred at 14°E, 43°N with 128 grid points in longitude and 90 grid points in latitude, including the relaxation and biperiodization (explained below) zones. This model version runs with 31 vertical levels. ALADIN v5.2 shares both the dynamical core and the physical package with the version 5 of the atmosphere general circulation model ARPEGE-Climate (Déqué 2010) . ALADIN and ARPEGE are bi-spectral models with a semiimplicit semi-Lagrangian advection scheme. Horizontal diffusion, semi-implicit corrections and horizontal derivatives are then computed with a finite family of analytical functions. Contrarily to the global ARPEGE model, the ALADIN grid is not periodic, so a bi-periodization is achieved on the grid-point space by adding a so-called extension zone, used only for Fourier transforms. On the other hand, the non-linear contributions to the equations are performed in the grid point space. In this current configuration, ALADIN includes an 11-point wide bi-periodization zone in addition to the more classical 8 points relaxation zone using the Davies technique (Davies 1976) . Details on the physical parameterizations of ALADIN version 5.2 can be found in Radu et al. (2008) , Colin et al. (2010) and Herrmann et al. (2011) .
The RCM ALADIN has been previously evaluated and used in many applications, some details on its performance can be found in the literature using the Big-Brother framework (Radu et al. 2008; Colin et al. 2010) , for the representation of the wind over the Mediterranean Sea (Herrmann et al. 2011) , for the Mediterranean Sea water and heat budgets (Sanchez-Gomez et al. 2011) , hydrological applications (Tramblay et al. 2013; Lucas-Picher et al. 2013 ) and for extreme precipitation Colin et al. 2010) . The current version of ALADIN has been also used in the framework of the regional COR-DEX programme over 4 domains (Europe, Mediterranean, Africa, North America).
Description of the numerical experiments
The simulations used in this analysis consist of an ensemble of 10 members for the period 1979-2012 at 50 km horizontal resolution. In our approach, only the initial conditions, and not the lateral boundary forcings, are perturbed to generate the different members. Both the atmosphere and land 3D initial conditions are selected among the 1st of January of different years within the 1979-2012 period. These selected restart files are then simply renamed as the 1st of January 1979 to start the 34-year long simulations. Previous experiments have shown that this straightforward initialization technique is adequate to ensure an optimal spread. No spin-up period has been considered for these simulations since, for the variables investigated here, the equilibrium state is reached a few days after the initialisation. It is noteworthy to recall that all the members have been generated by identical experimental set-up: In this configuration, ALADIN is driven by the ERAI reanalysis (80 km horizontal resolution at its full resolution), which is updated every 6 h during the simulation. Land surface conditions are set to an observed seasonal cycle. The sea surface temperature (SSTs) and the sea ice limit around the Black Sea are interannual forcings issued from ERAI. GHGs concentrations follow observed values for the period 1979-2012, whereas aerosol concentrations are fixed to the Tegen seasonal climatology (Tegen et al. 1997 ).
To our knowledge, this 10-member and 34-year ensemble is the largest ever provided to study the IV of an RCM. It represents a total of 340 years of ALADIN simulation.
Statistics to estimate internal variability
The IV generated by the ALADIN ensemble is estimated by using the same statistics introduced in Alexandru et al. (2007) and Lucas-Picher et al. (2008a) . Basically, the IV is defined as the inter-member spread, computed from daily data for each grid point and for each day, as:
where MEMBER denotes the member for a given variable, M is the ensemble size (10 in the present case), and EM is the ensemble mean (computed by averaging over all the members). The coordinates x, y, z indicate the location for each grid point and the height level. In this work, only near surface fields are considered, hence the z dimension is not used. The "t" coordinate indicates the time axis; in the present case the time archive is expressed in days. From expression (1), the temporal mean of IV can be determined by averaging over all days ("t" coordinate) within the time period. This allows the study of the spatial structure of IV. On the other hand, the spatial averages (over x and y coordinates) to obtain the IV time-series can be computed, in order to analyse the temporal evolution of IV.
As the atmospheric circulation variability presents a strong seasonality, we normalize IV by the estimation of the transient-eddy variability (TV hereinafter, Caya and Biner 2004; Lucas-Picher et al. 2008a ). The TV can be considered as the internal variability of a GCM. The intermember spread generated by the same RCM driven by the same LBCs is expected to be smaller than TV (Alexandru Lucas-Picher et al. 2008a; Laprise et al. 2008) .
In the present case, we assume that the members of the ensemble exhibit a similar temporal variance distribution; hence the TV can be estimated from the daily temporal variance of only one member. Finally, the relative internal variability (RIV) is computed as the ratio RIV = IV/TV. In the following, the analysis will be presented in terms on RIV values for winter, defined as January-February-March (JFM), and summer defined by July-August-September (JAS).
Tracking method to detect Mediterranean cyclones
The tracking algorithm is based on the detection of maxima of relative vorticity at 850 hPa (ζ 850 ). The first step consists of identifying the cyclone centers, defined as local maxima of ζ 850 within a radius of 380 km, determined every 6 h from the numerical experiments. Previously, a smoothing of the ζ 850 field is performed by a 9-grid points spatial filter, obtained by weighting by the inverse of the distance from the central point. In the second stage, trajectories are built by pairing the cyclone centers previously determined for consecutive time steps. Three criteria are used to connect the cyclone centers: (1) the first criteria takes into account the absolute vorticity field and its variation from the given cyclone center. If the variation between two cyclone centers is important (more than 40 %), the two centers are considered to belong to two different cyclones tracks. (2) The second criterion uses the wind components at 850 and 700 hPa, the latter representative from the middle troposphere, to determine two potential next positions of the cyclone track. The 850 and 700 hPa positions are compared to the real position by the minimization of a distance criterion. (3) The third criterion ensures the trajectory coherence by minimizing the acceleration, in order to avoid the abrupt changes in the wind speed and direction of the movement. More insights of this method can be found in Ayrault and Joly (2000) and Flaounas et al. (2016) .
Results from the inter-comparison of cyclones tracking methodologies presented in Flaounas et al. (2016) , show that this tracking algorithm captures a large number of cyclone tracks compared to other tools, since it has an ability to detect weak cyclones. Besides, long lifetime cyclones are better identified with this method, whereas the frequency of extreme cyclone tracks is underestimated.
The detection algorithm is applied to ERAI reanalysis data and the 10 members of ALADIN, previously interpolated on the ERAI grid. It is worth to note that the relaxation zone is removed before the analysis, and that the tracking algorithm is applied on a domain smaller than the initial ALADIN domain, in order to discard those grid points near the edges and to eliminate any spurious effects at the borders. Once the cyclone tracks are identified, a pre-selection of cyclones is performed for the analysis. In our study only those systems lasting at least two days (9 points in the 6-h track) are retained. In the following, intense cyclones are defined here as those systems exceeding (at least once in their lifetime) the value of ζ 850 = 170 × 10 −6 s −1 , that corresponds to the 90 % percentile of the intensity statistical distribution.
Simulation of Mediterranean cyclones by the RCM ALADIN
The Mediterranean cyclones simulated by climate models have been already investigated in some studies as Trigo et al. (2002) , Lionello et al. (2008) , Flaounas et al. (2013 Flaounas et al. ( , 2014 . In their inter-comparison analysis, Flaounas et al. (2016, this issue) already shows that ALADIN is able to simulate correctly some properties (location, intensity) of the Mediterranean cyclones. In this section a more detailed evaluation of ALADIN is presented. We compare the model to the driving conditions ERAI. We are aware that the use of reanalysis data as reference dataset could lead to misleading interpretations. Indeed, horizontal resolution of the atmospheric reanalysis (80-100 km) is not adapted to a correct representation of cyclone systems. For this reason reanalysis can overestimate the low-pressure minimum at the cyclones center, and in the RCM the minimum pressure values could be lower than in the reanalysis. This could be an indication of an added value of the RCM, rather than a presence of a model biases. As higher resolution atmospheric reanalysis are unfortunately not available so far, ERAI becomes a good alternative, however the considerations discussed above should be taken into account when interpreting the results. Model errors are practically indistinguishable amongst the ALADIN members indicating that those biases are systematic; hence in the following model differences with respect to ERAI are shown for only one member of the ensemble. Figure 2 shows the density of cyclone tracks (DCT hereinafter) for ALADIN, ERAI and the normalised ALADIN-ERAI differences (expressed in % of error) in JFM and JAS. For a given grid point, the DCT is first estimated by counting all the tracks located near this point in a radius of 300 km. Then, this quantity is smoothed through a spatial Gaussian filter, by applying weights that decrease as the distance to the selected grid point increases. The mean cyclone flow is also presented by arrows, computed as an estimate of the mean direction of the cyclones displacement. In Flaounas et al. (2016) , ALADIN exhibits a correct DCT spatial structure, with maxima located over the Gulf of Lyon, Ligurian Sea, north-western Africa, Adriatic and Ionian Seas and Balkans Peninsula (Trigo et al. 1999; Campins et al. 2011) . Values over these regions can reach on average 20-30 cyclone tracks per season. The mean track flow indicates that generally, ALADIN and ERAI cyclones entering in the north of the domain are deviated towards northern Europe. However, most cyclones developing in the Mediterranean western coastal areas move towards the southeast. The normalised differences ALADIN-ERAI/ERAI expressed in %, show that in summer the DCT errors are larger in the eastern part. In summer as DCT is mostly associated to thermal lows occurrence, hence the presence of stronger errors over the east may suggest that the RCM deviates more from ERAI forcing to produce its intrinsic thermal lows. For both seasons ALADIN underestimates the DCT (around 30 %) on the north-western boundary (Fig. 2) , which may indicate that the RCM partly fails to capture the entrance of North Atlantic cyclones in the domain. This could be due to several causes: (1) the ratio between the 6-h coupling frequency between the driver and the RCM and the size or the relaxation zone (8 grid points and hence 400 at 50 km resolution). This means that, if the entering cyclone moves very fast, it would be able to "cross" the relaxation zone during the 6-h period without letting a strong footprint in between time T + 00 h and T + 06 h. In consequence, this cyclone could be missed or more likely be weakened near the boundaries of the RCM domain. (2) Problems at the lateral boundaries of ALA-DIN connected to the model LBC set-up itself. (3) Even if the relaxation zone is not included in the analysis and the tracking domain is smaller than the original ALADIN domain, it is not excluded that the tracking algorithm could still induce some spurious effects on the lateral borders. All these problems need further investigation, but this is outside the scope of this study, mostly dedicated to the RIV. Figure 2 shows also that ALADIN overestimated the DCT over northern Africa (around ~10-20 % of error). Concerning the mean flow of cyclones, ALADIN presents an easterly bias compared to ERAI. This could suggest that in ALADIN cyclones are created but are not able to move eastwards at the same velocity as for ERAI.
Spatial distribution of density of cyclone tracks
The ability of ALADIN to create cyclones is evaluated by the density of cyclogenesis (Fig. 3) . This density is determined by taking into account only the first time-step in each cyclone track. Figure 3 shows that the locations of the main cyclogenesis areas (Gulf of Lyon, Atlas Mountains, Ligurian Sea and Turkey coast) are well captured by ALADIN. However, the RCM shows a secondary maximum over the Balkans Peninsula in both seasons, which is not present in ERAI. Negative errors localized around the lateral boundaries, may indicate that some of the cyclones either are not able to enter the domain or are not created in the near-Atlantic zone. On the other hand, ALADIN overestimates cyclones generation in some areas as the Iberian Peninsula, northern Africa and the Balkans Peninsula.
It is interesting to evaluate those areas where cyclone tracks decay or exit from the RCM domain. An estimate of the cyclolysis has been obtained by computing the density of cyclolysis considering only the last time-step of each cyclone track (Fig. 4) . In this case, the highest values of cyclolysis are located for both ALADIN and ERAI on the eastern and southeastern lateral boundaries. In general the spatial structure of the density of cyclolysis is correctly represented by ALADIN, nevertheless some biases appear in particular in JFM near the lateral boundaries (negative errors ~30 %), and over the western part of the domain (positive errors 20-30 %). In JAS, an overestimation of cyclolysis occurs in the northeast of the Gulf of Lyon and east of the domain.
Finally, the DCT for intense cyclones is represented in Fig. 5 . Focusing on ERAI, some areas exhibit values of DCT of 5-6 tracks/season in winter over the northernmost part of the domain. In summer the number of intense cyclones is lower and the maxima are located slightly southwards. The DCT for strong systems is clearly underestimated by ALADIN (more than 45 % of error locally), particularly near the northern lateral boundaries. This is 
Statistical distributions for some cyclones properties
To continue the ALADIN evaluation, some physical properties of cyclones have been analysed in terms of probability distribution functions (PDFs). The PDFs have been built by considering the whole Mediterranean domain and the full period of analysis . Figure 6 displays the respective PDFs for the ALADIN members and ERAI for the cyclones maximum intensity reached during the lifetime (these are the values of ζ 850 ), the duration of cyclones lifetime (in days), the travelled distance and the mean velocity of the cyclone tracks, estimated by averaging all the velocities computed every 6 h time-step. Figure 6a , b shows that in winter, the ALADIN ensemble provides a correct distribution of ζ 850 compared to ERAI, though ALADIN underestimated the cyclones frequency around ζ 850 ~ 50 × 10 −6 s −1
. In summer, the ALADIN histogram is slightly shifted towards stronger vorticity values, indicating that the RCM overestimates the number of cyclones of medium intensities, in particular for values ) is slightly lower in ALADIN than in ERAI. This can be mainly attributed to the underestimation of intense cyclones by ALADIN located around the boundaries of the domain, which may compensate with the overestimation observed inside the domain (Fig. 5) , resulting in a weak PDF difference. Concerning the lifetime expectancy (Fig. 6c, d) , the ALADIN and ERAI histograms are almost undistinguishable, confirming the ability of ALADIN to simulate this cyclone property.
ALADIN members show an overestimation of the number of cyclones for travelled distances ranging between 400 and 700 km (Fig. 6e, f) , which constitute the stationary cyclones population (or thermal lows). However, the number of cyclones travelling longer distances (more than 1200 km) is underestimated. To finish, the distribution of the mean velocity of cyclones is well simulated by ALA-DIN, however some biases are observed in winter (Fig. 6g,  h ): In particular, the histogram is slightly shifted towards decreasing values, suggesting that ALADIN simulated slower cyclones systems compared to ERAI (also seen in Figs. 4 and 5) .
We have shown here that the RCM ALADIN and ERAI show high similarities in representing the main characteristics of the Mediterranean cyclones. Though it is used in many climate applications, ALADIN is actually an operational model for weather prediction in the Météo-France institution. It has been calibrated to correctly represent the extra-tropical cyclones, which can explain the good performance of ALADIN in representing the Mediterranean cyclones. However some differences from ERAI have been identified: ALADIN strongly underestimates the DCT near the western boundaries and it simulates more stationary cyclones (for travelled distances <800 km).
Internal variability of ALADIN in the Med-CORDEX domain
In this section the spatial and temporal behaviour of the internal variability of ALADIN is investigated. Following Sect. 2.3, the relative internal variability (RIV) is computed from daily data. The focus is first on standard variables as sea level pressure (PSL), 2 m air temperature (T2 m) and precipitation (PR). In a second stage, the RIV for the Mediterranean cyclones is analysed.
Spatial distribution of the internal variability
The RIV spatial structure in winter and summer (Fig. 7) reveals that for all the variables (PSL, T2 m and PR) the values are stronger over the eastern part of the domain.
We recall that the RIV is computed as the ratio between the IV (inter-members spread) and the TV (daily temporal variance of only one member). There is also a pronounced seasonal cycle; summer exhibits higher levels of RIV than winter. These results are consistent with a decrease of the strength of the boundary forcing eastwards, and with a weaker westerly flow in summer than in winter. The spatial structures in Fig. 7 show strong similarities to previous studies of RIV over the North America domain (Lucas-Picher et al. 2008a; Separovic et al. 2008) , and South Africa domain (Crétat et al. 2011) . However, the values of the internal variability obtained for the Mediterranean domain are lower than in other domains, probably because of a smaller domain size. In particular, largest values of RIV are found over the Balkans Peninsula, northeastern Europe and Turkey for all the variables, though the intensity of RIV is variable-dependent. Amongst the three variables, PSL (Fig. 7a, b) shows the weakest values of RIV, with maxima not exceeding 10 % (in summer) of the total variability over the easternmost areas. As pointed out by Crétat et al. (2011) , the chaotic variability is smaller for those variables connected to large-scale variability, as geopotential height or sea level pressure. T2 m (Fig. 7c, d ) presents values of RIV that can reach 10-16 % of the total variability over Turkey and around the Black Sea. The variable associated to strongest RIV is the PR (Fig. 7e, f) , with maxima RIV values ranging from ~15 % in winter to more than ~25 % in summer. Note that for PR the RIV is larger over the ocean than over the continent in winter, whereas the opposite case is found in summer. In winter SSTs are warmer than the underlying atmosphere, enhancing the cyclogenesis over the sea. In summer, thermal heating over land likely contributes to the genesis of cyclones over the continent, in particular over the Atlas region and Turkey (Campins et al. 2011 ).
We focus now on the spatial structure of the RIV for the Mediterranean cyclone tracks. A daily DCT is computed from the detected cyclone tracks to obtain the RIV following Sect. 2.3. In the following, the IV and the TV are recomputed for each different population of cyclones (i.e. winter cyclones, summer cyclones, intense cyclones etc.). Figure 8 shows the values of RIV of the Mediterranean cyclones considering the same variables as for Figs. 2, 3, 4 and 5: DCT (Fig. 8a, b) ; density of cyclogenesis (Fig. 8c,  d) ; density of cyclolysis (Fig. 8e, f) ; and DCT for intense cyclones (Fig. 8g, h ). It is noteworthy to indicate that the spatial domain considered in Fig. 8 is not exactly the same as for Fig. 7 since as already mentioned in Sect. 2.4, the tracking method is applied on a rectangular grid, after the interpolation of the ALADIN members on the ERAI grid.
The spatial structure of the RIV for the DCT (Fig. 8a,  b) shows strong resemblances to Fig. 7 , though a considerably stronger RIV is found in cyclone tracks. Largest RIV values (~50 % in winter, more than 70 % in summer) are located over the easternmost part of the Mediterranean domain. Even the western part of the domain, which is more controlled by the LBCs, presents values of RIV ranging between 30 and 40 %. Concerning the cyclogenesis (Fig. 8c, d) , the areas the most affected by internal variability are essentially those that climatologically are related to a high cyclogenesis occurrence, as the Iberian Peninsula, the Gulf of Lyon, Adriatic Sea, Balkans Peninsula and Turkey (see Fig. 3 ). Nevertheless the RIV maxima are located in eastern part of the domain, with strongest values in summer. The large values of RIV located over the areas of thermal lows during the summer (Iberian Peninsula, northern Africa, eastern Mediterranean, Fig. 7b, d ), could suggest that thermal lows are an important source of IV. Figure 8e , f shows that strong RIV values (~50 %) are found over the areas where the cyclones generally leave the domain at the east and southeast boundary (Fig. 4) . Finally, RIV for intense cyclones (Fig. 8g, h) is lower, likely due to a larger large-scale forcing trough the LBCs. In this case, higher values of RIV are observed in winter (Fig. 8g) . The most affected areas are the northern coasts of the Mediterranean Sea: Gulf of Lyon, Balkans Peninsula and Turkey, which exhibit RIV values of more than 30 %.
Internal variability and cyclone characteristics
At this point, the IV effects on different Mediterranean cyclone populations are investigated more in detail according to some cyclone characteristics. We focus on two cyclones properties: the travelled distance (D hereinafter) and the mean velocity (V hereinafter) of the cyclone track. On this purpose, the PDFs from Fig. 6e -h are considered to classify the cyclone tracks into different groups according to the quantiles of each distribution. A previous analysis on the RIV of the DCT for each tercile population (not shown here) reveals that even if stationary cyclones provide a large source of IV, long-travelling cyclone tracks are more affected by the IV. On the other hand, a similar tercile classification of the full V distribution shows that the three groups are equivalent in terms of IV (not shown). For this reason, we decided to identify V sub-populations according to increasing D values. Then the D population is divided again in different groups, but now according to the deciles of the distribution. For each cyclone group corresponding to the each of the 10 deciles of D, a subclassification in deciles for V is performed. For example, the cyclone population belonging to the decile d1 of D is split in turn into 10 deciles according to the values of V. Figure 9 shows the RIV (a, b), IV (c, d) and TV (e, f) corresponding to the deciles of V for each of the deciles of D. In this case, the RIV, IV and TV have been averaged over the whole Mediterranean domain. In winter, the RIV maximum (>25 %) is found for largest values of D and V, indicating that the effects of IV are enhanced for long and fast travelling cyclone tracks (Fig. 9a) . Higher values of RIV are also noticeable for lower D and V deciles (>20 %), which suggest that static cyclones can be also an important source of IV (Fig. 9a, c) . In summer, the RIV maxima correspond to long travelling cyclones (largest D values) moving at medium velocities, between the d4 (7 m*s −1 ) and d7 (9.5 m*s −1 ) of the V distribution (Fig. 9b) . As for winter, short and slow moving cyclone tracks are also related to large IV and TV values, resulting in a strong RIV (Fig. 9b,  d, f) .
Temporal behaviour of the internal variability
In this subsection we analyse the temporal evolution of the RIV for the PSL, T2 m, PR and DCT over the entire Mediterranean domain. RIV time-series (Fig. 10a, b) show several bursts during the simulation, which appear at the same time for all the variables. The RIV fluctuates in time, but it does not exhibit a temporal trend. It is useful to quantify the RIV on longer timescales, since for climate studies, variables are often computed at monthly and seasonal timescales. RIV time series are then recomputed from monthly and seasonal means for the different variables (not shown here). As expected, RIV values are considerably reduced (but are not negligible) as the timescale increases. For example, for PR and DCT, RIV rarely exceeds 20 and 50 % respectively when it is computed from monthly means.
As in Lucas-Picher et al. (2008a), we have analysed the robustness of the IV estimates for different ensemble sizes. The RIV time-series are computed considering 2, 4, 6, 8, and 10 members, only for the precipitation. Figure 10c, d shows the RIV time-series for PR estimated from different ensemble sizes. In general for both seasons, ensembles of more than 6 members are necessary to obtain a robust estimation of RIV. This result is consistent with the study of Lucas-Picher et al. (2008a) , who found that for the North American domain, a minimum of 6 members is adequate to obtain a robust inter-member spread.
Internal variability and large-scale atmospheric circulation
The anomalous atmospheric circulation associated to highest levels of internal variability of ALADIN is investigated in this section. This has been previously addressed for an ensemble of RCMs operating over the European domain from the EU-FP6 ENSEMBLES project, by using four North Atlantic weather regimes (Sanchez-Gomez et al. 2008) ; and over the South Africa domain by Cré-tat et al. (2011) , through a weather type approach. For Europe, Sanchez-Gomez et al. (2008) found that Blocking In the present case, we analyse the atmospheric circulation related to highest RIV by conducting a composite approach, which differs from the weather typing methodologies mentioned above. This consists of selecting first those days where the RIV values exceed the 90 % percentile of RIV of the precipitation time-series from Fig. 10a , b. This allows for the selection of 10 % of the total number of days, which corresponds to approximately 300 days for each season. A composite field of PSL anomalies is then computed by averaging all the selected days. PSL anomalies have been standardized to take into account the seasonal cycle (i.e. stronger anomaly amplitude in winter). Figure 11a , b shows the composite patterns for JFM and JAS obtained from ERAI for a spatial domain covering most of the North Atlantic and Mediterranean basins. The choice of this larger domain for ERAI is aimed at providing Fig. 11 . Black dots areas indicate that anomalies are significant at the 95 % confidence level. c, d Same but for the ALADIN ensemble mean. In this case the black dots indicate where the value of the ensemble mean is larger than the uncertainty generated by the inter-members spread according to a signalto-noise ratio estimated as described in the text a broader view of the large-scale atmospheric conditions. Statistical significance has been addressed by a MonteCarlo non-parametric test, in which days randomly selected have been used to generate a large number (1000) of "synthetic" composites. In both seasons (Fig. 11a, b) , the SLP structure presents positive anomalies over the northern boundary of the domain, centered over the Scandinavian Peninsula, which extends also eastwards covering all the northern Europe, and significant negative anomalies over the southern Mediterranean. This SLP spatial pattern is similar to the Scandinavian Blocking (Barston and Livezey 1987), which exhibits a more zonal and weaker westerly atmospheric flow, leading to a weakening of the ERAI forcing at the ALADIN boundaries. The Blocking pattern was also documented in Sanchez-Gomez et al. (2008) as being strongly related to large IV. Figure 11c, d shows the same composite patterns for the ensembles mean of ALADIN. A signal-to-noise ratio has been computed for each grid point as the ratio between the ensembles mean and the inter-member standard deviation, weighted to include the uncertainty due to the ensemble size (10 members) taking into account a Student law distribution (Hasselmann 1993, Zwiers and Zhang 2003) . The patterns for ALADIN shows that all the members display the same PSL anomalies as for ERAI with a strong signal-to-noise ratio, indicating a strong agreement amongst the members to represent these large-scale pattern under largest IV conditions.
Summary and conclusion
The internal variability of the regional model ALADIN operating over the Med-CORDEX domain has been investigated from a 10-member ensemble. This ensemble, at 50 km horizontal resolution, is driven by ERAI surface and lateral boundary conditions for the period 1979-2012 and only the initial conditions are perturbed. The IV studies are rare in the CORDEX community and, to our knowledge; this is the first one on the widely-used Med-CORDEX domain. Moreover, for the first time, the study analyses the RCM IV effects on the Mediterranean cyclones.
The spatial distribution of the Relative Internal Variability (RIV) over the Mediterranean region for variables such as sea level pressure, 2 m temperature or precipitation presents high similarities to the studies based on the North America domain (Lucas-Picher et al. 2008a , among others cited in the introduction), and shows the largest RIV values located over the easternmost part of the domain (around Black Sea and Turkey). This indicates that RIV increases eastwards as the control exerted by the large-scale westerly flow at the western boundary weakens. A large seasonality associated to the RIV strength is reported, with RIV values stronger in summer than in winter. As shown by Alexandru et al. (2007) and Cretat et al. (2011) , the RIV largely depends on the location of the RCM domain, since the background large-scale atmospheric flow highly modulates the spatial structure and RIV strength. In the present case, the Mediterranean domain is largely controlled by the westerly North Atlantic flow at the western boundaries. Consequently, RIV presents strongest values over the eastern part of the Mediterranean basin. When the westerly flow weakens and shifts northwards in summer, the RCM is less controlled by the large-scale flow, and the ALADIN members exhibit stronger RIV values.
Temporal evolution of RIV shows several burst occurring over the analysed period. We show here that the largescale conditions associated with those days of RIV bursts occurrence are reminiscent of the Scandinavian Blocking. This pattern is characterized by a stronger anticyclone circulation centered over the north of the domain, which reduces the strength of the North Atlantic westerly flow. Similar results were found for the European domain in Sanchez-Gomez et al. (2008) , by using the EU-FP6 ENSEMBLES multi-model database. They identified the Scandinavian Blocking as the atmospheric pattern excited in those periods in which the different RCMs, forced by the same LBCs, showed the largest discrepancies.
In the Mediterranean domain, our results show that with ALADIN model, an ensemble of 6 members seems sufficient to achieve a robust RIV estimate, as the inter-member spread does not change when more members are added to the ensemble. Others studies, as Crétat et al. (2011) or Nikiema and Laprise (2011a, b) , found out that for RCM domains located at high latitudes, as the Arctic where the IV is very strong, more than 20 members are needed to avoid biases in the estimation of the inter-member spread.
Concerning the Mediterranean cyclones, the RIV for the Density of Cyclone Track (DCT) presents stronger values compared to other variables such as precipitation (~50 % for DCT versus 25 % for precipitation). As for the other variables, the RIV is larger in summer than in winter, in particular over the Iberian Peninsula, northern Africa countries and eastern Mediterranean, which are regions of enhanced cyclogenesis during the warm season. The larger levels of RIV found for the DCT with respect to the others variables highlight the strong chaotic nature of the cyclone tracks, which can be easily deviated in one member with respect to another, in despite of sharing the same large scale atmospheric, SST and land surface forcing. Our results also show that Lagrangian-based methods used to detect and characterise extra-Mediterranean cyclones, as the tracking technique, are very sensitive to the chaotic variability, as highlighted by the high degree of randomness in the cyclone tracks. However, one interesting point emerges here: the RIV behaviour for the Mediterranean cyclones may be dependent in some degree of the tracking tool used to detect the cyclone tracks. It would be interesting to use other tracking method to identify the cyclone tracks in the ALADIN ensemble, in order to investigate whether the IV is modified.
To investigate more in detail the dependence of the RIV on the cyclone tracks, the RIV has been analysed according to the cyclone properties. We show here that, within the long travelling cyclones tracks population, those moving at faster mean velocities are associated to largest RIV. This is plausible, since even if the large-scale forcing is the same, longer tracks can be more easily deviated among the member by mesoscale disturbances related to convective processes, or local thermal gradients that change the baroclinicity. A secondary RIV maximum is also found for the stationary cyclones (those cyclones belonging to lowest deciles of the travelled distance distribution) in summer, suggesting that thermal lows are also an important source of RIV.
The studies dealing with the IV in regional modelling have provided so far a complete description of this phenomenon. Moreover some physical processes, acting as a source of IV are now better understood (Nikiema and Laprise 2011a, b) . Nevertheless, there are still some remaining open questions that would deserve further investigation. For example: How the IV would be affected by increasing the regional model resolution? A higher horizontal resolution could intuitively generate more IV, but this needs to be properly demonstrated by numerical model experiments, by generating two ensembles at different model resolutions. Another unresolved issue is the role of the air-sea coupling on the IV; does a coupled regional model generate more IV compared to the stand-alone atmospheric component? Again, this question needs to be elucidated trough numerical approaches requiring high computational resources.
An interesting technique aimed at preventing the departures of an RCM from the driving conditions is the nudging methodology (Radu et al. 2008; Omrani et al. 2012) . It has been shown that the use of nudging (or spectral nudging) clearly improves the model capacity to reproduce the forcing fields (Herrmann et al. 2011) . Zahn et al. (2008) investigated the impact of the spectral nudging in the representation of polar lows in the Arctic. They showed that the spectrally nudged version of the regional model reproduces the observed polar lows in all the members of the ensemble, reducing significantly the inter-members spread. In a similar study, Feser and Barcikowska (2012) showed that the spectral nudging technique improves the representation of typhoons tracks in the Pacific ocean, reducing some of the biases with respect to the observed best track data.
Our results are encouraging to explore the usefulness of nudging techniques in regional modelling, in particular when the scope is the study of mesoscale processes such as the Mediterranean cyclones. Future work is needed to investigate the nudging effects on ALADIN over the Mediterranean domain, in particular on: (1) the ALADIN deficiencies in capturing the incoming North Atlantic cyclones at the western boundaries; and (2) the strong levels of IV in simulating the Mediterranean cyclones documented here. An analysis of IV on a spectrally nudged version of ALA-DIN will allow to better disentangling the role of the large scale forcing from the mesoscale processes, and would give further understanding of the large IV values in the cyclone tracks found here.
Our results also indicate that the internal model variability is a factor that should be considered in the design, analysis, and interpretation of RCM experiments.
